Introduction {#sec1}
============

Polymerization-induced self-assembly (PISA) has become widely recognized as a powerful platform technology for the rational synthesis of sterically stabilized diblock copolymer nano-objects with various morphologies.^[@ref1]−[@ref5]^ One of the main advantages of PISA is its versatility: it can be conducted in water,^[@ref6]−[@ref11]^ polar solvents,^[@ref12]−[@ref19]^ or non-polar media.^[@ref20]−[@ref29]^ In essence, PISA involves growing AB diblock copolymer chains in a suitable solvent, i.e. a good solvent for the precursor (A) block but a bad solvent for the growing second (B) block. This scenario leads to *in situ* self-assembly to produce sterically stabilized diblock copolymer nanoparticles whose final copolymer morphology (e.g., spheres, worms/cylinders, or vesicles) should be primarily governed by the relative block volume fractions.^[@ref29],[@ref30]^ In practice, using a relatively long A block usually leads to the formation of kinetically trapped spheres.^[@ref31]^ In principle, the design rules for PISA are generic, and various (pseudo)living polymerization chemistries should be applicable. Indeed, there are at least two examples of anionic polymerization being utilized for the formation of diblock copolymer nano-objects.^[@ref32],[@ref33]^ However, the vast majority of the PISA literature is based on reversible addition--fragmentation chain transfer (RAFT) polymerization, which offers exceptional tolerance of monomer functionality and can be conducted directly in protic solvents.^[@ref34]−[@ref38]^

RAFT dispersion polymerization in non-polar media has been reported by various research groups over the past decade. Charleux and co-workers studied the synthesis of poly(2-ethylhexyl acrylate)-poly(methyl acrylate) in isododecane.^[@ref20],[@ref21]^ Ratcliffe and co-workers also reported all-acrylic PISA formulations in *n*-heptane, *n*-dodecane or isohexadecane.^[@ref39]^ However, polymerization of methacrylic monomers has generally afforded much better control over the molecular weight distribution and copolymer morphology.^[@ref22]−[@ref29]^ Thus, Fielding and co-workers reported the PISA synthesis of poly(lauryl methacrylate)--poly(benzyl methacrylate) \[PLMA--PBzMA\] diblock copolymer spheres, worms or vesicles in *n*-heptane at 90 °C.^[@ref29]^ The same team also demonstrated that PLMA--PBzMA worms prepared in a solvent with a higher boiling point (*n*-dodecane) exhibited a reversible worm-to-sphere morphological transition on heating.^[@ref22]^ Similar findings were reported by Lowe and co-workers when using poly(phenylpropyl methacrylate) as the structure-directing block.^[@ref25]^ Derry et al. showed that closely related PISA syntheses yielded well-defined spheres at up to 50% w/w in mineral oil^[@ref30]^ and was subsequently able to monitor the *in situ* evolution in copolymer morphology that occurred when targeting vesicles by small-angle X-ray scattering (SAXS).^[@ref26]^ In this case, poly(stearyl methacrylate) \[PSMA\] was used as the steric stabilizer block, and higher blocking efficiencies were observed compared to those achieved when using PLMA.

Herein, we revisit the PSMA--PBzMA formulation previously reported by Derry and co-workers.^[@ref26],[@ref27]^ We utilize a relatively long PSMA stabilizer block to ensure that the sole copolymer morphology is kinetically trapped spheres and show that systematic variation of the target DP for the core-forming PBzMA block leads to a series of well-defined nanoparticles with reasonably narrow size distributions over a remarkably wide size range. Moreover, there is a strong correlation between the target DP of the PBzMA block and the mean particle diameter, which means that a desired particle size can be readily obtained. Given their ease of synthesis, such sterically stabilized nanoparticles are expected to be used as model systems for fundamental studies in the field of colloid and interface science,^[@ref40],[@ref41]^ as well as potential commercial applications.^[@ref42]−[@ref45]^

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Benzyl methacrylate (BzMA), 2,2′-azobis(isobutyronitrile) (AIBN), CDCl~3~, and all other reagents were purchased from Sigma-Aldrich and used as received unless otherwise stated. Stearyl methacrylate (SMA) was purchased from Santa Cruz Biotechnology Ltd. 4-Cyano-4-(2-phenylethane sulfanylthiocarbonyl) sulfanylpentanoic acid (PETTC) was synthesized using the protocol reported by Rymaruk et al.^[@ref46]^*tert*-Butyl peroxy-2-ethylhexanoate (T21s) initiator was purchased from AkzoNobel. Toluene, THF, and *n*-dodecane were purchased from Fisher Scientific, and CD~2~Cl~2~ was purchased from Goss Scientific. A 4 cSt American Petroleum Institute (API) Group III mineral oil (2.82% aromatic content) was kindly provided by The Lubrizol Corporation Ltd. (Hazelwood, Derbyshire, UK).

Synthesis of Poly(stearyl methacrylate) Macromolecular Chain Transfer Agent via RAFT Solution Polymerization {#sec2.2}
------------------------------------------------------------------------------------------------------------

The synthesis of a PSMA~54~ macromolecular chain transfer agent (macro-CTA) at 50% w/w solids was conducted as follows. A 250 mL round-bottomed flask was charged with SMA (29.9 g; 88.2 mmol), PETTC (0.60 g; 1.76 mmol; target degree of polymerization = 50), AIBN (57.9 mg, 0.35 mmol: PETTC/AIBN molar ratio = 5.0), and toluene (30.52 g). The sealed reaction vessel was purged with nitrogen and placed in a preheated oil bath at 70 °C for 4 h. The resulting PSMA (SMA conversion = 78%; *M*~n~ = 12 700 g mol^--1^, *M*~w~ = 14 600 g mol^--1^, *M*~w~/*M*~n~ = 1.15) was purified by precipitation into excess ethanol. The mean degree of polymerization (DP) of this macro-CTA was calculated to be 54 using ^1^H NMR spectroscopy by comparing the integrated signals corresponding to the five phenyl end-group protons protons at 7.0--7.5 ppm with that assigned to the two oxymethylene protons of PSMA at 3.8--4.2 ppm.

Synthesis of Poly(stearyl methacrylate)--Poly(benzyl methacrylate) Diblock Copolymer Spheres via RAFT Dispersion Polymerization {#sec2.3}
-------------------------------------------------------------------------------------------------------------------------------

A typical RAFT dispersion polymerization synthesis of PSMA~54~--PBzMA~1485~ diblock copolymer nanoparticles at 20% w/w solids was conducted as follows. BzMA (0.498 g; 2.82 mmol), T21s initiator (0.08 mg; 0.38 μmol; dissolved at 1.0% v/v in mineral oil), and PSMA~54~ macro-CTA (0.035 g; 1.88 μmol; macro-CTA/initiator molar ratio = 5.0; target degree of polymerization of PBzMA = 1500) were dissolved in mineral oil (2.13 g). The reaction mixture was sealed in a 10 mL round-bottomed flask and purged with nitrogen gas for 30 min. The deoxygenated solution was then placed in a preheated oil bath at 90 °C for 5 h (final BzMA conversion = 99%; *M*~n~ = 111 400 g mol^--1^, *M*~w~/*M*~n~ = 3.11; nanoparticle diameter = 320 ± 32 nm).

Gel Permeation Chromatography (GPC) {#sec2.4}
-----------------------------------

Molecular weight distributions (MWDs) were assessed by GPC using THF eluent. The THF GPC setup comprised two 5 μm (30 cm) Mixed C columns and a WellChrom K-2301 refractive index detector operating at a wavelength of 950 ± 30 nm. The mobile phase contained 2.0% v/v triethylamine and 0.05% w/v butylhydroxytoluene (BHT), and the flow rate was 1.0 mL min^--1^. A series of 12 near-monodisperse poly(methyl methacrylate) standards (*M*~p~ values ranging from 654 to 2 480 000 g mol^--1^) were used for calibration.

^1^H NMR Spectroscopy {#sec2.5}
---------------------

^1^H NMR spectra were recorded in either CD~2~Cl~2~ or CDCl~3~ using a Bruker AV1-400 MHz spectrometer. Typically, 64 scans were averaged per spectrum. Chemical shifts are expressed in ppm and are internally referenced to the residual solvent peak.

Dynamic Light Scattering (DLS) {#sec2.6}
------------------------------

DLS studies were performed using a Zetasizer Nano ZS instrument (Malvern Instruments) at a fixed scattering angle of 173°. Copolymer dispersions were diluted in *n*-dodecane (0.10% w/w) prior to light scattering analysis at 25 °C. The intensity-average hydrodynamic diameter (*D*~h~) and polydispersity of the diblock copolymer nanoparticles were calculated by cumulants analysis of the experimental correlation function using Dispersion Technology Software version 6.20. Data were averaged over 13 runs each of 30 seconds duration.

Transmission Electron Microscopy (TEM) {#sec2.7}
--------------------------------------

Transmission electron microscopy (TEM) studies were conducted using a Philips CM 100 instrument operating at 100 kV and equipped with a Gatan 1 k CCD camera. Diluted diblock copolymer solutions (0.10% w/w) were placed as droplets on carbon-coated copper grids, exposed to ruthenium(VIII) oxide vapor for 7 min at 20 °C, and dried prior to analysis.^[@ref47]^ The ruthenium(VIII) oxide solution was prepared as follows: ruthenium(IV) oxide (0.3 g) was added to water (50 g) to form a black slurry; addition of sodium periodate (2.0 g) with stirring produced a yellow solution of ruthenium(VIII) oxide within 1 min. This heavy metal compound acted as a positive stain for the core-forming PBzMA block in order to improve contrast.

Analytical Centrifugation {#sec2.8}
-------------------------

Nanoparticle size distributions were determined using a LUMiSizer analytical photocentrifuge (LUM GmbH, Berlin, Germany) at 20 °C. The LUMiSizer is a microprocessor-controlled instrument that employs space- and time-resolved extinction profiles (STEP) technology for the measurement of the intensity of transmitted light as a function of time and position over the entire cell length simultaneously. The progression of these transmission profiles contains information on the rate of sedimentation and, given knowledge of the effective particle density, enables calculation of the particle size distribution. Measurements were conducted on 1.0% w/w copolymer dispersions at 4000 rpm for 22.22 h (1000 profiles; with 80 s between each profile) using 2 mm path length polyamide cells. Data analysis was conducted assuming a nanoparticle density of 1.15 g cm^--3^ (i.e., the same density as that of the PBzMA nanoparticle cores alone).

Results and Discussion {#sec3}
======================

The main objective of this study was to determine the upper particle size limit that can be accessed using the chosen PISA formulation (see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}), regardless of the level of RAFT control. The synthesis of larger nanoparticles requires targeting higher degrees of polymerization for the core-forming block. For a given solids concentration, this necessarily means increasing the initial concentration of BzMA monomer relative to that of the steric stabilizer precursor (in this case, the PSMA block). Given that the latter parameter is directly linked to the concentration of the peroxide initiator,^[@ref36]^ this requires a concomitant reduction in the concentration of the latter reagent. Clearly, at some point the initiator concentration will become so low that the rate of radical flux is insufficient, leading to either incomplete monomer conversion or no polymerization at all. Thus, an upper particle size limit should be anticipated for all PISA formulations. The question addressed herein is what are the largest well-defined particles of reasonably narrow size distribution that can be accessed for a given formulation, and are such syntheses accompanied by any particular constraints?

![Synthesis of Poly(stearyl methacrylate) (PSMA~54~) Macro-CTA via RAFT Solution Polymerization of Stearyl Methacrylate (SMA) in Toluene Using 4-Cyano-4-(2-phenylethane sulfanylthiocarbonyl) Sulfanylpentanoic Acid (PETTC) at 70 °C, Followed by the RAFT Dispersion Polymerization of Benzyl Methacrylate (BzMA) in Mineral Oil at 90 °C](la0c00211_0005){#sch1}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows a series of THF GPC curves recorded for a series of PSMA~54~--PBzMA~*x*~ diblock copolymers. A systematic shift to higher molecular weight is observed when targeting higher PBzMA DPs, and relatively high blocking efficiencies are achieved. More specifically, a linear correlation between *M*~n~ and PBzMA DP is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b when targeting core-forming block DPs of up to 1000. However, the molecular weight distribution only remains relatively narrow (*M*~w~/*M*~n~ \< 1.25) when targeting PBzMA DPs below 400. Indeed, the *M*~w~/*M*~n~ increases monotonically to 2.50 when targeting PBzMA DPs up to 1000, with values of 2.95--3.41 being obtained for target DPs of 1500--3500 (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Clearly, lower blocking efficiencies are obtained when targeting such high PBzMA DPs, as indicated by the prominent low-molecular-weight shoulder. Similar observations were reported by Derry and co-workers for a closely related PISA formulation.^[@ref26]^ Such broad MWDs clearly indicate a gradual loss of RAFT control during PISA. Moreover, lower blocking efficiencies were observed when targeting higher PBzMA DPs, which suggests relatively slow reinitiation under such conditions.^[@ref48],[@ref49]^ Nevertheless, this problem does not prevent the self-assembly of well-defined PSMA~54~--PBzMA~*x*~ particles of reasonably narrow size distribution and predictable particle size over a wide size range (see below). \[N.B. Any PBzMA homopolymer chains generated owing to poor RAFT control are expected to be colocated within the nanoparticle cores along with the structure-directing PBzMA blocks.\] However, targeting PBzMA blocks with a DP of 3500 or above leads to nanoparticles of unpredictable size with significantly broader, albeit still unimodal, size distributions. Thus this DP appears to represent the realistic upper limit for this PISA formulation.

![(a) THF gel permeation chromatograms (vs poly(methyl methacrylate) calibration standards) obtained for 14 PSMA~54~--PBzMA~*x*~ diblock copolymers prepared via RAFT dispersion polymerization of benzyl methacrylate in mineral oil at 90 °C at 20% w/w solids. The precursor PSMA~54~ macro-CTA (prepared in toluene at 70 °C at 50% w/w solids) is also shown as a reference (black dashed curve). (b) *M*~n~ (black ■) and *M*~w~/*M*~n~ (red ●) vs PBzMA DP plots for the series of PSMA~54~--PBzMA~*x*~ diblock copolymers shown in part a. A linear evolution for *M*~n~ vs PBzMA DP is observed for PBzMA DPs ≤ 1000.](la0c00211_0001){#fig1}

###### Summary of Monomer Conversion, GPC, and DLS Data for a Series of PSMA~54~--PBzMA~*x*~ Diblock Copolymers Synthesized via RAFT Dispersion Polymerization of Benzyl Methacrylate in Mineral Oil at 90 °C and 20% w/w Solids (Relevant Data Recorded for the Precursor PSMA~54~ Macro-CTA (*x* = 0) Are Shown for Reference)

         ^1^H NMR   THF GPC   DLS            
  ------ ---------- --------- ------- ------ ------------
  0                 12.7      14.6    1.15    
  50     94         17.0      19.3    1.14   24 ± 8
  70     97         18.6      21.0    1.14   28 ± 7
  90     97         20.2      23.5    1.16   30 ± 7
  100    97         21.6      25.1    1.16   32 ± 6
  200    98         32.2      39.6    1.23   46 ± 14
  400    98         49.8      75.8    1.52   92 ± 16
  600    96         62.2      110.0   1.77   147 ± 25
  800    96         75.0      175.0   2.33   175 ± 30
  1000   97         94.7      236.9   2.50   194 ± 27
  1500   99         111.4     346.8   3.11   320 ± 32
  2000   99         118.5     357.7   3.02   301 ± 43
  2500   98         148.4     438.0   2.95   439 ± 62
  3000   98         131.8     424.8   3.22   458 ± 112
  3500   98         129.7     442.6   3.41   459 ± 92
  4000   98         138.3     457.3   3.31   641 ± 321
  4500   98         143.4     474.6   3.31   581 ± 302
  5000   97         137.0     476.6   3.48   1108 ± 844

Representative TEM images for selected PSMA~54~--PBzMA~*x*~ dispersions are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00211/suppl_file/la0c00211_si_001.pdf) for additional TEM image). As expected, a kinetically trapped spherical morphology is observed in all cases, even when targeting highly asymmetric diblock copolymer compositions. This is because the PSMA~54~ steric stabilizer block is sufficiently long to prevent 1D sphere--sphere fusion occurring during the PISA synthesis.^[@ref26]^ Moreover, although relatively few particles are shown in these images, it seems that the particles are reasonably uniform in size. This tentative finding is supported by DLS studies, which indicate that narrow size distributions are obtained for a series of PSMA~54~--PBzMA~*x*~ particles over a wide range of *x* values (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![Representative transmission electron micrographs recorded for 0.10% w/w dispersions of selected PSMA~54~--PBzMA~*x*~ nanoparticles (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for further details).](la0c00211_0002){#fig2}

![Hydrodynamic diameter (*D*~h~) vs PBzMA DP (*x*) for a series of PSMA~54~--PBzMA~*x*~ diblock copolymer spheres (*x* = 50--3500) prepared via RAFT dispersion polymerization of BzMA in mineral oil at 90 °C and 20% w/w. Error bars represent the standard deviation in *D*~h~ as calculated from the DLS polydispersity index.](la0c00211_0003){#fig3}

The relationship between the DP of the core-forming PBzMA block (*x*) and the hydrodynamic diameter, *D*~h~, is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. In principle, the power-law relationship represented by the linear fit to the data displayed in this double logarithmic plot enables the final particle size to be predicted for a given target PBzMA DP---provided that full BzMA conversion can be achieved for that specific PISA formulation. It is noteworthy that this linear correlation remains valid over a remarkably wide size range, from approximately 24 nm up to 439 nm diameter (where *x* = 50--2500). These are among the largest well-defined spheres with reasonably narrow size distributions (standard deviation ≤20%) produced by any RAFT-mediated PISA formulation.^[@ref26],[@ref50]−[@ref52]^ The α exponent calculated for these data (where *D*~h~ = *kx*^α^) is 0.77, which suggests that the PBzMA chains adopt a relatively stretched (rather than unperturbed) conformation.^[@ref53],[@ref54]^ \[N.B. For this series of PSMA~54~--PBzMA~*x*~ spheres, *k* = 0.91.\] In this context, it is perhaps worth mentioning that Tan and co-workers have recently reported that relatively large spheres can be prepared via photoinitiated dispersion polymerization of methyl methacrylate in a 40:60 w/w ethanol/water mixture.^[@ref55]^ In this prior study, such syntheses were conducted in the presence of a binary mixture of RAFT agents, and good size control was achieved despite the rather poor pseudoliving character indicated by GPC analysis.

The robust nature of these PISA formulations is also worth emphasizing. The same PSMA~54~ precursor was used by two of the coauthors of this manuscript to target PSMA~54~--PBzMA~*x*~ nanoparticles under the same conditions at 20% w/w solids. For each target PBzMA DP (*x*), hydrodynamic diameters obtained by DLS were almost identical: 301 ± 43 nm vs 302 ± 60 nm (*x* = 2000) and 459 ± 92 nm vs 441 ± 99 nm (*x* = 3500). These experiments indicate predictable mean diameters and reasonably good reproducibility for such PISA syntheses.

Analytical centrifugation can be a powerful technique for the particle size analysis of colloidal dispersions and emulsions.^[@ref56]−[@ref62]^ Fractionation of the particles occurs prior to their detection, which leads to significantly higher resolution than that achieved for DLS. However, an important input parameter for analytical centrifugation is the particle density: uncertainty in this parameter can lead to large sizing errors. This is a well-known problem in the case of sterically stabilized particles when the steric stabilizer layer is relatively thick compared to the core particle diameter.^[@ref63]^ Analytical centrifugal studies of selected PSMA~54~--PBzMA~*x*~ spheres were undertaken at 1.0% w/w to minimize hindered sedimentation, which leads to sizing errors for concentrated dispersions.^[@ref64],[@ref65]^ The resulting particle size distributions are shown for three dispersions in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, where *x* = 1000, 2000, and 3500. For PSMA~54~--PBzMA~2000~ and PSMA~54~--PBzMA~3500~, the effective particle density is sufficiently close to the density of the PBzMA nanoparticle cores (ρ~PBzMA~ = 1.15 g cm^--3^) that there is no appreciable sizing error. Thus the volume-average diameters are slightly lower than the corresponding intensity-average diameters reported by DLS (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), as expected. However, this is not the case for PSMA~54~--PBzMA~1000~; hence, analytical centrifugation (135 ± 15 nm) significantly undersizes compared to DLS (194 ± 27 nm) owing to an inaccurate (i.e., too high) effective particle density.

![Volume-average particle size distributions obtained via analytical centrifugation at 20 °C for PSMA~54~--PBzMA~1000~ (red data), PSMA~54~--PBzMA~2000~ (blue data), and PSMA~54~--PBzMA~3500~ (green data).](la0c00211_0004){#fig4}

Finally, the long-term stability of 20% w/w copolymer dispersions after storage at ambient temperature for approximately two years was assessed by DLS (after dilution to produce 0.10% w/w dispersions). PSMA~54~--PBzMA~*x*~ spheres for which *x* ≤ 1000 (i.e., below 200 nm diameter) remained colloidally stable over this time period, with comparable intensity-average hydrodynamic diameters (and corresponding standard deviations) being obtained compared to the freshly synthesized nanoparticles (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00211/suppl_file/la0c00211_si_001.pdf)). However, significant irreversible aggregation was observed for PSMA~54~--PBzMA~*x*~ dispersions when targeting higher *x* values. The reason for this unexpected loss in colloidal stability is not known and warrants further study.

Conclusions {#sec4}
===========

The upper size limit has been established for the preparation of PSMA~54~--PBzMA~*x*~ nanoparticles via PISA at 20% w/w solids. Well-defined spheres (standard deviations ≤20%) can be obtained with mean hydrodynamic diameters of up to 459 nm when targeting a core-forming PBzMA DP of 3500. In principle, the power-law relationship between hydrodynamic diameter and PBzMA DP enables convenient targeting of any desired particle size up to this limiting value. Gradual loss in RAFT control over the BzMA polymerization is observed, with GPC analysis indicating *M*~w~/*M*~n~ values increasing from 1.14 up to 3.41. Nevertheless, broad MWDs do not prevent the formation of well-defined sterically stabilized nanoparticles with reasonably narrow size distributions. However, targeting PBzMA DPs above 3500 leads to the formation of particles with relatively broad size distributions and unpredictable mean diameters. Large (\>300 nm diameter) PSMA~54~--PBzMA~*x*~ spheres were identified as suitable nanoparticles for analytical centrifugation studies, because in this size regime the overall nanoparticle density is approximately the same as that for the core-forming PBzMA block.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00211](https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00211?goto=supporting-info).Additional TEM image and DLS colloidal stability study ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00211/suppl_file/la0c00211_si_001.pdf))
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